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Edited by Felix WielandAbstract The mitochondria-associated adapter protein MAVS
(also called IPS-1, VISA or CARDIF, designated MAVS for
reasons of simplicity in our manuscript) relays signals from cyto-
plasmic sensors of viral RNA to the IRF3 kinase complex and
the interferon-b (IFN-b) gene. Using siRNA-mediated knock-
down in macrophages we show that IFN-b synthesis in response
to transfected, intracellular double-stranded RNA (dsRNA), a
pathogen-associated molecular pattern of viruses, is decreased
in absence of MAVS. By contrast, the Gram-positive bacterium
Listeria monocytogenes targets the IFN-b gene without detect-
able MAVS requirement. The data show that MAVS is not a
central adapter protein for all cytoplasmic pathogen sensors that
stimulate IFN-b synthesis.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The innate immune system recognises pathogen-associated
molecular patterns with receptors expressed at the cell surface,
in endosomal compartments, or in the cytoplasm [1–4]. The
most prominent group of pattern recognition receptors, the
membrane-associated toll-like receptors (TLR), detect mi-
crobes in the extracellular environment or after uptake into
endo- or phagosomes [1,2]. By contrast, pathogens that manage
to home to the cell cytoplasm are recognized by diﬀerent recep-
tors [3,4]. The pattern recognition receptor containing NACHT
and leucin-rich repeat (LRR) domains protein family detects
the presence of microbial cell wall components such as peptido-
glycan and, depending on the particular subfamily, stimulatesAbbreviations: CARD, caspase recruitment domain; dsRNA, double-
stranded RNA; ERK, extracellular signal-regulated kinase; IFN,
interferon; IKK, IjB kinase; IRF3, interferon regulatory factor-3;
MAVS, mitochondrial antiviral signaling; MDA5, melanoma diﬀer-
entiation-associated gene-5; poly (I:C), polyinosinic–polycytidylic acid;
RIG-I, retinoic acid-inducible gene-I; siRNA, small inhibitory RNA;
STAT, signal transducer and activator of transcription; TBK1,
TANK-binding kinase-1; TLR, toll-like receptor
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RNA helicases like retinoic acid-inducible gene-I (RIG-I) or
melanoma diﬀerentiation-associated gene-5 (MDA5) detect
viral double-stranded RNA (dsRNA) genomes [3]. In addition
to their helicase domain these proteins contain caspase recruit-
ment domain (CARD) protein interaction modules. RNA
binding stimulates the CARD portion of the molecule to en-
gage in signal transduction that leads to the activation of the
IjB-kinase (IKK) and interferon regulatory factor-3 (IRF3) ki-
nase complexes, the latter containing the TANK-binding ki-
nase-1 (TBK1) enzyme and in some cells also IKKe. NF-jB
and IRF3 are components of the interferon (IFN)-b promoter
enhanceosome that forms to stimulate IFN-b gene transcrip-
tion. IFN-b secretion engages the type I IFN receptor to
activate JAK-STAT (signal transducer and activator of tran-
scription) signal transduction, thus tyrosine phosphorylation
of STAT1 and STAT2 and the transcription of their target
genes [5–7].
Recently, four groups independently described a CARD-
containing protein named mitochondrial antiviral signaling
(MAVS), IPS-1, VISA, or CARDIF [8–11]. This protein was
found to be associated with the outer membrane of mitochon-
dria and to be required for relaying RIG-I- or MDA5-derived
signals to the NF-jB and IRF3 kinase complexes. It was sug-
gested that MAVS might more generally be involved in IRF3
pathways originating from cytoplasmic pathogen receptors.
The Gram-positive bacterium Listeria monocytogenes is ta-
ken up by macrophages via phagocytosis. L. monocytogenes
evades macrophage killing by escaping from the phagosome
into the cytoplasm [12]. Cytoplasmic escape requires expres-
sion of the bacterial Listeriolysin O, a hemolysin capable of
rupturing the phagosomal membrane. Upon entry into the
cytoplasm, L. monocytogenes causes IRF3 activation and
IFN-b synthesis [5,13–15]. Interferon production was shown
to occur independently of TLR and their signals [15,16]. A re-
cent publication suggests that a key event in IRF3 pathway
activation is the recognition of bacterial DNA by an unknown
cytoplasmic DNA receptor [17]. While it is currently unclear
how bacterial DNA is released into the cytoplasm, the pres-
ence of a DNA receptor has also been postulated based on
studies with DNA viruses [18]. Importantly, this study pre-
sented data consistent with the view that MAVS is part of
the signalling chain from the DNA receptor to the IRF3 kinase
complex. Together the two publications raise the possibility
that MAVS is required for IFN-b transcription in response
to L. monocytogenes infection. We have tested this assumptionblished by Elsevier B.V. All rights reserved.
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of MAVS in mouse macrophages. Our data show that the
intracellular bacterium targets the IFN-b gene without requir-
ing MAVS, thus using an unknown, novel mode of signalling
to the IRF3 kinase complex.Fig. 1. Knock down of MAVS in mouse macrophages. Panel A: Raw
264.7 cells expressing CTAP-MAVS were transfected with diﬀerent
concentrations of siRNA targeting MAVS (5, 25 and 50 nM) using
HiPerFect reagent. After 72 h, expression of CTAP-MAVS was
determined by detecting the protein A tag of CTAP-MAVS with
peroxidase-conjugated antibodies. As control, we analyzed the expres-
sion of CTAP-MAVS in non-treated cells (NT) and cells treated only
with the transfection reagent (Mock). As a normalization control, the
blot was ﬁnally probed with antibodies recognizing the ERK1 and
ERK2 kinases (panERK). Panel B: Quantitative representation of
CTAP-MAVS protein level normalised to the amount of panERK.2. Materials and methods
2.1. Reagents and antibodies
Polyinosinic–polycytidylic acid (poly (I:C)) was purchased from Sig-
ma–Aldrich (Vienna, Austria) and used as indicated. Rabbit antiserum
against Y701-phosphorylated STAT1 was purchased from New Eng-
land Biolabs (Beverly, MA) and used at a dilution of 1/1000. Peroxi-
dase-anti-peroxidase soluble complex from Sigma (Saint Louis, MO)
was used at a dilution of 1/5000 to detect the protein A of the tandem
aﬃnity puriﬁcation (TAP)-tag of CTAP-MAVS (see below). Murine
antibodies recognizing extracellular signal-regulated kinase (ERKs)
(panERK) were purchased from BD Transduction Laboratories and
used at a dilution of 1/5000 in Western blots.
2.2. Cells
Raw 264.7 cells stably expressing a tagged version of MAVS (CTAP-
MAVS) were generated by retrovirus-mediated gene transfer. The
expression vector was generated by site-speciﬁc recombination (Gate-
way Technology, Invitrogen) of the PCR-ampliﬁed ORF ofMAVS into
a modiﬁed tandem aﬃnity puriﬁcation (TAP)-tagged version of the
Moloney murine leukaemia virus-based vector. The TAP cassette was
fused to the C-terminus, and the inserted MAVS ORF was subcloned
from the following mouse MGC cDNA clone: MGC:29912 IM-
AGE:5123637 using the following primers: 5 0-ATGACATTTGCT-
GAGGAC-30, 3 0-CTGGGCCAGGCGCCTACT-50. Virus stocks
were generated in a HEK293 Gag-Pol packaging cell line.
2.3. Bacteria
Listeria monocytogenes LO28 [19] were cultured in brain heart infu-
sion broth provided by Becton, Dickinson and Cie (Sparks, MD).
2.4. RNA interference
Double-stranded RNA duplexes composed of 21-nucleotide sense
and anti-sense oligonucleotides were purchased from Dharmacon Re-
search (Lafayette, CO). Raw 264.7 cells expressing CTAP-MAVS were
seeded onto 24 well plates at a density of 2 · 104 cells/well 12 h before
transfection. HiPerFect (QIAGEN) was used to transfect Raw 264.7
cells with 25 nM siRNA, according to the manufacturer’s instructions.
At 72 h after transfection, cells were used for further experiments.
2.5. Infection of cells
Cells were infected with L. monocytogenes (derived from overnight
culture) at the multiplicity of infection of 10 and incubated for 1 h at
37 C in a humidiﬁed 5% CO2 atmosphere. Extracellular bacteria were
subsequently killed with gentamicin-containing medium (ﬁnal concen-
tration of 50 lg/mL). After another 60 min, the medium was ﬁnally
changed to medium containing 10 lg/mL gentamycin.
2.6. Western blot
A protocol was previously described [20]. For quantitative evalua-
tion of Western blots, the ﬂuorophore linked secondary antibodies
were detected and analyzed using an Odyssey scanner (LI-COR Biosci-
ence, Bad Homburg, Germany) and the software supplied by the man-
ufacturer.
2.7. RNA preparation, cDNA synthesis, and quantitative conventional
RT-PCR
Total RNA was extracted from Raw 264.7 cells using the Nucleo-
Spin RNA II kit (Macherey Nagel, Du¨ren, Germany). The cDNAs
used in the real-time PCR assays were reverse transcribed from 5 lg
of total RNA using the oligo(dT)18 primer and the RevertAid
M-MuLV Reverse Transcriptase (MBI Fermentas, St. Leon-Rot,
Germany) for ﬁrst-strand cDNA synthesis according to the manufac-turer’s recommendations. Real-time PCR experiments were run on the
iCycler IQ (Bio-Rad, Hercules, CA) to amplify the GAPDH house-
keeping gene, chosen as an endogenous control for normalization of
the cDNA load and the IFN-b gene as described [21] using SybrGreen
(Molecular Probes, Eugen, OR). Real-time PCR assays targeting
GAPDH and IFN-b gene were performed with the following forward
(f) and reverse (r) primers: GAPDH-f, 5 0-TGCACCACCAACTG-
CTTAGC-3 0; GAPDH-r, 5 0-GGCATGGACTGTGGTCATGAG-3 0;
IFN-b-f, 5 0-TCAGAATGAGTGGTGGTTGC-30; IFN-b-r, 5 0-GAC-
CTTTCAAATGCAGTAGATTCA-30.
For quantitative analyses, we used the standard curve method
detailed previously [22] to normalise the IFN-b gene expression to
the endogenous control. For GAPDH, primers were designed to
ﬂank introns to rule out contamination with genomic DNA. In the
case of type I IFN genes that do not contain introns, the presence
of genomic DNA was routinely tested in samples not subjected to re-
verse transcription.3. Results
We sought to investigate the function of MAVS using
siRNA oligonucleotide-mediated knock-down of expression.
Having no antibodies at hand to test the eﬃciency of the
siRNA, we ﬁrst generated a macrophage line stably expressing
epitope-tagged MAVS. These cells showed no signs of consti-
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after introduction of siRNA oligonucleotides, MAVS expres-
sion was blocked up to more than 80% in a dose-dependent
manner (Fig. 1), an indication that the cells were suitable to
study MAVS function.
Treatment with extracellular dsRNA poly (I:C) resulted in
IFN-b transcription (not shown) and the subsequent phos-
phorylation of STAT1 on tyrosine (Fig. 2A). These events
were not signiﬁcantly altered by the knock-down of MAVS.
Introduction of poly (I:C) into the cytoplasm via lipid-medi-
ated transfection similarly resulted in IFN-b synthesis and
STAT1 tyrosine phosphorylation (Figs. 2B and C). In con-
trast to the treatment with extracellular dsRNA, IFN-b syn-
thesis was strongly reduced (70%) in the absence of MAVS in
cells that had been transfected with poly (I:C). Tyrosine
phosphorylation of STAT1 was also reduced (40%), but theFig. 2. IFN-b and Stat1 tyrosine phosphorylation upon poly (I:C) treatmen
MAVS were transfected with 25 nM siRNA against MAVS using HiPerFect r
by addition of poly (I:C), ﬁnal concentration 50 lg/mL. Then, STAT1 Y701
The knock-down eﬃciency was checked by detecting the protein A tag of CT
control, the blot was ﬁnally probed with antibodies recognizing the ERK1 and
MAVS were transfected with 25 nM siRNA against MAVS using HiPerFect r
transfection of 5 lg of poly (I:C) per well with HiPerFect. As a control the cell
reagent. Western blot analysis was carried out as described for panel A. The
each is shown in the graph. Panel C: An identical experiment to the one descri
poly (I:C), total mRNA was extracted, reverse-transcribed, and analyzed by
obtained with the GAPDH housekeeping gene. To calculate inducibility, the
bars indicate mock-transfected cells, white bars siRNA-transfected cells.eﬀect was smaller than that seen for IFN-b transcription.
This suggests that the residual 30% IFN-b produced in
knock-down cells still suﬃces to cause signiﬁcant STAT1
activation. Together the data show that macrophages employ
MAVS for the induction of IFN-b transcription by intracel-
lular dsRNA.
To test a potential involvement of MAVS in the events
leading to activation of IFN-b transcription by intracellular
bacteria, we infected macrophages with L. monocytogenes.
Prior to infection, the cells were either subjected to mock
transfection, or transfected with MAVS siRNA oligonucleo-
tides for 72 h. As shown previously [14], infection resulted
in robust IFN-b mRNA synthesis (Fig. 3A). In contrast to
the result obtained with intracellular dsRNA, cells infected
with L. monocytogenes expressed similar amounts of IFN-b
mRNA in the presence of absence of MAVS. Analyzingt in mouse macrophages. Panel A: Raw 264.7 cells expressing CTAP-
eagent or mock-transfected. After 72 h, the cells were stimulated for 3 h
phosphorylation was detected in Western blot with speciﬁc antibodies.
AP-MAVS with peroxidase-conjugated antibodies. As a normalization
ERK2 kinases (panERK). Panel B: Raw 264.7 cells expressing CTAP-
eagent or mock-treated. After 72 h, the cells were stimulated for 3 h by
s were treated in a similar manner with the same amount of transfection
amount of STAT1 Y701P normalized to the amount of panERK for
bed in panel B was performed. After 3 h of stimulation with transfected
real-time PCR for IFN-b expression. Values were normalized to those
values obtained from untreated cells were used as a calibrator. Gray
Fig. 3. IFN-b and STAT1 tyrosine phosphorylation upon L. monocytogenes infection in mouse macrophages. Panel A: Raw 264.7 cells expressing
CTAP-MAVS were transfected with 25 nM siRNA against MAVS using HiPerFect reagent or mock-treated. After 72 h, the cells were infected with
L. monocytogenes at MOI of 10 for 4 h. Thereafter, STAT1 Y701 phosphorylation was detected by Western blot with speciﬁc antibodies. The knock
down eﬃciency was determined by detecting the protein A tag of CTAP-MAVS with peroxidase-conjugated antibodies. As a normalization control,
the blot was ﬁnally probed with antibodies recognizing the ERK1 and ERK2 kinases (panERK). The amount of STAT1 Y701P normalized to the
amount of panERK for each condition is shown in the graph. Panel B: An identical experiment was performed as in panel A. After 4 h of infection,
total mRNA was extracted, reverse-transcribed, and analyzed by real-time PCR for IFN-b expression. Values were normalized to those obtained
with the GAPDH housekeeping gene. To calculate inducibility, the values obtained from uninfected cells were used as a calibrator. Gray bars
indicate mock-transfected cells, white bars siRNA-transfected cells.
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(Fig. 3B). Cells with or without MAVS contained similar
quantities of activated STAT1.4. Discussion
The experiments shown in our manuscript investigate
whether the adapter protein MAVS has a general function in
connecting intracellular pathogen receptors with the IRF3 ki-
nase complex (TBK1/IKKe) and with IFN-b transcription. As
an experimental approach we used siRNA oligonucleotide-
mediated knock-down of MAVS in cells expressing an epi-
tope-tagged MAVS transgene. Unlike transient overexpression
in 293 cells [8], stable introduction of the MAVS transgene to
macrophages did not cause detectable interferon responses, as
documented by the absence of STAT1 tyrosine phosphoryla-
tion in unstimulated cells (Figs. 2 and 3). The same experi-
ments also show that transfection of siRNA oligonucleotides
did not per se cause interferon synthesis and JAK-STAT signal
transduction as has been reported to occur with some siRNAs
[23].
Induction of type I IFN synthesis by extra- and intracellular
dsRNA are mediated by TLR3 and the cytoplasmic RNA heli-
cases RIG-I and MDA5, respectively [24–26]. Our data are
therefore consistent with those obtained in other cell types byshowing that the helicases, but not TLR3, employ MAVS as
a signal transducer [9,10]. MAVS knock-down did not com-
pletely abrogate IFN-b expression in cells transfected with poly
(I:C). This may result from residual MAVS, but a more likely
explanation is that the TLR3 pathway is stimulated by poly
(I:C) that has not been captured by the transfection reagent.
The low amounts of IFN-b produced under these conditions
are responsible for the STAT1 tyrosine phosphorylation found
in cells also in absence of MAVS.
IFN-b production and STAT1 tyrosine phosphorylation in
macrophages infected with L. monocytogenes remain unaf-
fected by the absence of MAVS. We therefore disprove
the notion of a general role for the protein in intracellular
pathogen sensing by receptors that target the IRF3 pathway.
If intracellular L. monocytogenes is indeed detected by virtue
of its DNA [17], the unidentiﬁed cytoplasmic DNA sensor
does not employ MAVS (Fig. 4A). This interpretation ap-
pears inconsistent with data showing that a sensor for cyto-
plasmic viral DNA employs MAVS [18]. Therefore, another
possible explanation for our results is that DNA is not the
ligand recognized in the case of cytoplasmic L. monocytoge-
nes infection (Fig. 4B). Alternatively, more than one DNA
sensor with diﬀerent signalling requirements might exist in
diﬀerent cell types. Importantly, our study clearly shows that
the pathway stimulated by cytoplasmic L. monocytogenes to
activate IRF3 kinases consists entirely of unknown compo-
Fig. 4. Induction of IFN-b expression upon infection with L. monocytogenes. Panel A: A proposed cytosolic DNA receptor for Listeria DNA
stimulates IRF-3 phosphorylation through the activation of TBK1 (or IKK-e) in a MAVS independent manner. Panel B. The receptor for L.
monocytogenes is diﬀerent from the DNA receptor and signals without requiring MAVS to activate the IFN-b pathway.
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ture studies.
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